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UHSODFHG E\ D KRPRJHQHRXV 1HXPDQQ FRQGLWLRQ 0RUH SUHFLVHO\ WKH QRYHOW\ RI WKH SUHVHQW
IUDPHZRUN OLHV LQ WKH DGRSWLRQ RI D FODVV RI µFRQWLQXRXV¶ GLVWULEXWLRQ IXQFWLRQV E\ ZKLFK QR
GLVFRQWLQXLWLHV RU DEUXSW YDULDWLRQV DUH LQWURGXFHG LQ WKH PRGHO 7KH UDWLRQDOH IRU VXFK D OLQH RI
LQTXLU\FDQEHIRXQGLQWKHSRWHQWLDOWRRYHUFRPHWKHW\SLFDOERWWOHQHFNVFUHDWHGE\WKHQHHGWR
DFFRXQW IRU D VKHDU VWUHVV EDODQFH DW WKH IUHH VXUIDFH LQ WKH FRQWH[W RI DQDO\WLF PRGHOV IRU
YLVFRHODVWLFDQGRWKHUQRQ1HZWRQLDQIOXLGVDQGRU LQ WKHH[SUHVV LQWHQWLRQ WRVXSSRUWH[LVWLQJ
QXPHULFDO FRPPHUFLDO RU RSHQVRXUFH WRROV ZKHUH WKH SRVVLELOLW\ WR LPSRVH QRQKRPRJHQHRXV
1HXPDQQERXQGDU\FRQGLWLRQVLVQRWDQRSWLRQ%RWKDQDO\WLFVROXWLRQVDQGWZRGLPHQVLRQDODQG
WKUHHGLPHQVLRQDO QXPHULFDO ³H[SHULPHQWV´ FRQFHUQHG ZLWK WKH DSSOLFDWLRQ RI WKH SURSRVHG
VWUDWHJ\ WR WKHUPRFDSLOODU\ DQG 0DUDQJRQL%pQDUG IORZV DUH SUHVHQWHG 7KH LPSOLFDWLRQV RI WKH
SURSRVHGDSSURDFK LQ WHUPVRI WKHZHOONQRZQH[LVWHQFHDQGXQLTXHQHVVSUREOHPIRU WKH1DYLHU









*UDYLWDWLRQDO DQG VXUIDFHWHQVLRQ GULYHQ FRQYHFWLRQ LQ IOXLGILOOHG HQFORVXUHV KDV UHFHLYHG
FRQVLGHUDEOH DWWHQWLRQRYHU WKHSDVW VHYHUDO \HDUVGXH WR LWV H[WHQVLYHEDFNJURXQGDSSOLFDWLRQV LQ
HQJLQHHULQJGHVLJQRIDGYDQFHGWHFKQRORJ\7KHVHDSSOLFDWLRQVRISUDFWLFDORUSURWRW\SLFDOQDWXUHV




LQWHUHVW ,QGHHG WKH LQVWDELOLWLHV RI WKHVH IORZV DQG UHODWHG KLHUDUFK\ RI ELIXUFDWLRQV GR H[HUW DQ
DSSHDO WR UHVHDUFKHUVDQGVFLHQWLVWVEHFDXVHRI WKHYDULHW\RISDWWHUQV DQG UHODWHGVSDWLRWHPSRUDO
HYROXWLRQ6XFKIHDWXUHVDUHRIWHQDHVWKHWLFDOO\SOHDVLQJDQG³SKLORVRSKLFDOO\´FKDOOHQJLQJEHFDXVH






2QH ZD\ WR PLWLJDWH WKLV GUDZEDFN LV WR LQWURGXFH D SUHOLPLQDU\ FODVVLILFDWLRQ RI WKH SRVVLEOH
UHJLPHV DQG UHODWHG VROXWLRQV RQ WKH EDVLV RI WKH WKHUPDO DQG PHFKDQLFDO ERXQGDU\ FRQGLWLRQV
DIIHFWLQJWKHFRQVLGHUHGSUREOHP$PDWKHPDWLFDOIRUPXODWLRQRIDOOVXFKFRQGLWLRQVOHDGVWRWKHVR
FDOOHG LQLWLDOERXQGDU\ YDOXH SUREOHP ,%93 ZKHUH WKH JRYHUQLQJ EDODQFH HTXDWLRQV IRU PDVV
PRPHQWXPDQGHQHUJ\KDYHWREHVROYHGWRJHWKHUZLWKWKHUHODWHGLQLWLDODQGERXQGDU\FRQGLWLRQV
,Q WXUQ WKLV UHTXLUHV LPSOLFLWO\ WKH DGRSWLRQ RI D JLYHQ VROXWLRQ VWUDWHJ\ EH LW DQDO\WLFDO
DSSUR[LPDWHRU³QXPHULFDO´
%\ DQDO\WLFDO DSSURDFK ZH PHDQ RQH RI WKH VWDQGDUG PHWKRGV IRU FODVVLFDO SDUWLDO GLIIHUHQWLDO
HTXDWLRQV WKH REYLRXV RXWFRPH RI VXFK D SURFHVV EHLQJ DQ DOJHEUDLF H[SUHVVLRQ UHODWLQJ WKH
GHSHQGHQWYDULDEOHV WR WKHLQGHSHQGHQWYDULDEOHVVHHHJ2VWURXPRY>@%LULNK>@*HUVKXQL
DQG=KXNKRYLWVNLL>@%HOJKD]LHWDO>@/DSSD>@/DSSDDQG)HULDOGL>@$QDSSUR[LPDWH
PHWKRG UHVXOWV ZKHQ WKH JRYHUQLQJ ERXQGDU\ YDOXH SUREOHP LV VROYHG XVLQJ D VHULHVH[SDQVLRQ
EDVHG WHFKQLTXH VHH HJ -DQH >@ -HEDUL HW DO >@$O6DLI HW DO >@RUD WUDQVIRUPDWLRQ LV
XVHG EDVHG RQ WKH LQWURGXFWLRQ RI D VLPLODULW\ YDULDEOH E\ ZKLFK WKHRULJLQDO SDUWLDO GLIIHUHQWLDO
HTXDWLRQVDUHUHSODFHGE\DVHWRIFRXSOHGQRQOLQHDURUGLQDU\GLIIHUHQWLDOHTXDWLRQVHJ0DNLQGH




\LHOG D FORVHG H[SUHVVLRQ IRU WKH YHORFLW\ LQ WKH IORZ LQ WHUPV RI GULYLQJ IRUFHV LQYROYHG DQG
FRQGLWLRQVDWWKHV\VWHPERXQGDU\
7KLV LV WKH PDLQ UHDVRQ IRU ZKLFK DQDO\WLF VROXWLRQV RI 0DUDQJRQL FRQYHFWLRQ KDYH HQMR\HG D




VRFDOOHG 0DUDQJRQL QXPEHU H[FHHGV RQH RU PRUH WKUHVKROGV $QDO\WLF VROXWLRQV KDYH DOORZHG
JDLQLQJRXWVWDQGLQJLQVLJKWVLQWRVXFKEHKDYLRUVGXHWRWKHLUQDWXUDO³DELOLW\´WREHXVHGDVLQLWLDO
FRQGLWLRQV WKH VRFDOOHG ³EDVLF IORZ´ IRU VWUDLJKWIRUZDUG DSSOLFDWLRQ RI OLQHDUVWDELOLW\DQDO\VLV
/6$WHFKQLTXHV
%\ FRQWUDVW ZKHQ VXFK D IORZ KDV WR EH GHWHUPLQHG QXPHULFDOO\ WKH W\SLFDO SURWRFROV RI /6$
UHTXLUH WKH VROXWLRQ RI DQ HLJHQYDOXH SUREOHP RI YHU\ KLJK RUGHU LQ SUDFWLFH WKH RUGHU RI WKLV
SUREOHP LV HTXDO WR WKH DPRXQW RI VFDODU XQNQRZQV XVHG WR UHSUHVHQW WKH VROXWLRQ QXPHULFDOO\







EXR\DQF\ DQG 0DUDQJRQL IORZ KDYH KLVWRULFDOO\ SURJUHVVHG WKURXJK WKH LQWURGXFWLRQ RI D SUHFLVH
KLHUDUFK\RIPRGHOVZLWKLQFUHDVLQJFRPSOH[LW\ZKHUHQHZNQRZOHGJHZDVLWHUDWLYHO\SURGXFHGRQ
WKH EDVLV RI WKH LQWXLWLRQ GHYHORSHG RQ WKH EDVLV RI HDUOLHU VLPSOHU PRGHOV $V DQ H[DPSOH WKLV





DQDO\WLFDOVROXWLRQV WR WKH1DYLHU6WRNHVHTXDWLRQV LVDQH[WUHPHO\KDUG WDVN ,QGHHGRQO\DYHU\
OLPLWHG VHW RI H[DFW VROXWLRQV LV NQRZQ PRVW RI VXFK VROXWLRQV ZHUH RULJLQDOO\ SXEOLVKHG LQ D
QXPEHURI6RYLHW8QLRQMRXUQDOVKDUGO\DFFHVVLEOHLQWKHZHVWHUQZRUOGDQGIRUWKLVUHDVRQPDQ\
RIWKHPKDYHEHHQLJQRUHGIRUDORQJWLPHVHHHJ2VWURXPRY>@
7HFKQLFDOO\ VSHDNLQJ LQ JHQHUDO LW LV SRVVLEOH WR ILQG RU ³EXLOG´ DQDO\WLFDO VROXWLRQV ZKHQ WKH
FRQYHFWLYH WHUPV LQ WKH JRYHUQLQJ HTXDWLRQV QDPHO\ WKH PDLQ VRXUFHV RI QRQOLQHDULW\ YDQLVK
QDWXUDOO\7RZDUGVWKLVHQGVRPHVSHFLILFVLPSOLILFDWLRQVFDQEHFRQVLGHUHGVXFKDVDUHGXFWLRQRI
WKH QXPEHU RI VSDFH GLPHQVLRQV LQYROYHG RU WKH ³UHPRYDO´ RI SK\VLFDO ERXQGDULHV DORQJ FHUWDLQ
GLUHFWLRQVLGHDOO\DVVXPHGWREHORFDWHGDWDQLQILQLWHGLVWDQFHZKHUHWKH\DUHQRWDEOHWRLQIOXHQFH
WKH³FRUH´IORZ
'HVSLWH WKHVH DVVXPSWLRQV KRZHYHU VLJQLILFDQW GUDZEDFNV RSSRVLQJ WR WKH VWUDLJKWIRUZDUG
GHWHUPLQDWLRQRIUHVXOWVLQDQDO\WLFDOIRUPSHUVLVW)RU0DUDQJRQLIORZDQDGGLWLRQDOERWWOHQHFNLV
UHSUHVHQWHG E\ WKH QHHG WR VDWLVI\ D QRQKRPRJHQHRXV NLQHPDWLF ERXQGDU\ FRQGLWLRQ DW WKH IUHH
LQWHUIDFHZKLFKVKRXOGEHUHJDUGHGDVWKHPDLQPRWLYDWLRQIRUZKLFKIXUWKHUGHYHORSPHQWVLQWKLV
ILHOGKDYHEHHQUHODWLYHO\OLPLWHG7KLVLVHVSHFLDOO\WUXHIRUWKHFDVHRIQRQ1HZWRQLDQIOXLGVIRU
ZKLFK VXFK D ERXQGDU\ FRQGLWLRQ D VKHDU VWUHVV EDODQFH EHFRPHV SDUWLFXODUO\ FRPSOH[ DQG
FXPEHUVRPHEHFDXVHRIWKHSUHVHQFHRIRWKHUHJYLVFRHODVWLFVWUHVVHVLQWKHIOXLGLQDGGLWLRQWR








UDQJHRIPHWKRGRORJLHV WREHSRWHQWLDOO\XVHGWRWUHDW WKLVNLQGRI IORZV ,QSDUWLFXODUZHIXUWKHU
GHYHORS DQG H[SDQG WKH DSSURDFK RULJLQDOO\ LQWURGXFHG E\ 7LZDUL DQG 1LVKLQR >@ DERXW WKH














,QRUGHU WRGHULYHDQDO\WLFVROXWLRQVLQWKHPRVWJHQHUDO IRUPREYLRXVO\ WKHJRYHUQLQJHTXDWLRQV
KDYHWREHSXW LQDQRQGLPHQVLRQDOVKDSH+HUHZHFRQVLGHU WKHW\SLFDOPRVWJHQHUDOFKRLFHRI
FKDUDFWHULVWLF UHIHUHQFH TXDQWLWLHV IRU WKHUPDO FRQYHFWLRQ >@ QDPHO\ ZH VFDOH OHQJWKV
YHORFLW\ WLPHDQGSUHVVXUHE\G9D DGGD DQGUDG UHVSHFWLYHO\ZKHUHG LVD UHIHUHQFH
GLVWDQFH D LV WKH IOXLG WKHUPDO GLIIXVLYLW\ DQG U LWV GHQVLW\ DQG 9D LV WKH HQHUJ\ GLIIXVLRQ
YHORFLW\0RUHRYHUZHVXEWUDFWDUHIHUHQFHYDOXH7RWRWKHWHPSHUDWXUHDQGVFDOHLWE\DUHIHUHQFH
WHPSHUDWXUHGLIIHUHQFH'77KLV DSSURDFK OHDGV WR FDVW WKHPDVVPRPHQWXPDQGHQHUJ\EDODQFH
HTXDWLRQVDV

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w           

ZKHUH9SDQG7DUHWKHQRQGLPHQVLRQDOYHORFLW\SUHVVXUHDQGWHPSHUDWXUHUHVSHFWLYHO\WKHVR
FDOOHG ³SULPLWLYH YDULDEOHV´ )E LV D JHQHULF ERG\ IRUFH HJ EXR\DQF\ DQG 3U LV WKH 3UDQGWO
QXPEHU3U QDDQGQLVWKHFRQVWDQWNLQHPDWLFYLVFRVLW\Q PU










X X\ 7KH WHPSHUDWXUH XQGHUJRHV D OLQHDU LQFUHDVH DORQJ WKH KRUL]RQWDO FRRUGLQDWH [ ZLWK D
FRQVWDQW UDWH RI LQFUHDVH J DQG DV D UHVXOW RI  IOXLG EHLQJ WUDQVSRUWHG ZLWK YHORFLW\ X\ LW DOVR




HVVHQWLDOO\ WZRGLPHQVLRQDO 0RUHRYHU ZH GHILQH WKH 5D\OHLJK DQG 0DUDQJRQL QXPEHUV DV







,Q WKH SUHVHQFH RI D IUHH OLTXLGJDV LQWHUIDFH REYLRXVO\ HTXDWLRQV  PXVW EH FRQVLGHUHG
WRJHWKHU ZLWK WKH VRFDOOHG 0DUDQJRQL ERXQGDU\ FRQGLWLRQ ,I YLVFRXV VWUHVVHV LQ WKH JDV DUH








w            

ZKHUHQ LV WKHGLUHFWLRQSHUSHQGLFXODU WR WKH IUHH LQWHUIDFH SODQDU LQRXUFDVH 6 WKHGHULYDWLYH
WDQJHQWLDOWRWKHLQWHUIDFHWKH[GLUHFWLRQDQG9VWKHVXUIDFHYHORFLW\YHFWRU
7KLVFRQGLWLRQHQIRUFHVDIORZWKURXJKWKHYDULDWLRQRIWKHVXUIDFHWHQVLRQ7\SLFDOO\WKLVYDULDWLRQ
OHDGV IOXLG ORFDWHG LQ SUR[LPLW\ WR WKH JDVOLTXLG LQWHUIDFH WR PRYH IURP UHJLRQV RI KLJKHU
WHPSHUDWXUHWRZDUGVUHODWLYHO\FROGDUHDV7KHYLVFRVLW\WKHQWUDQVIHUVWKLVPRWLRQWRWKHXQGHUO\LQJ
IOXLGWKHUHE\WXUQLQJDQLQLWLDOVXUIDFHHIIHFWLQWREXONIOXLGPRWLRQ











w             
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9         

  \I0D\I5D[7           

g g J DQG J FDQ EH ³EXLOW´ DV SRO\QRPLDO H[SUHVVLRQV SURYLGHG WKH UHODWHG SRO\QRPLDO
FRHIILFLHQWVVDWLVI\ WKHDOWHUQDWHVHWRIHTXDWLRQV WKDWFDQEHREWDLQHGE\VXEVWLWXWLQJHTV DQG
























VROLGERXQGDU\X oJ\          
IUHHVXUIDFHHTo   G\
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GI         



























































,Q VRPH FLUFXPVWDQFHV LW LV FRQYHQLHQW WR UHSODFH WKH RULJLQDO EDODQFH JRYHUQLQJ HTXDWLRQV ZLWK
DOWHUQDWHIRUPVGLVSOD\LQJVRPHDGYDQWDJHVZLWKUHVSHFWWRWKHLQLWLDOIRUPXODWLRQ,QJHQHUDOWKHVH
HTXLYDOHQW IRUPXODWLRQVFDQEHREWDLQHG IURP WKH³SULPLWLYH´HTXDWLRQVYLDVSHFLILFPDWKHPDWLFDO
PDQLSXODWLRQV VXFK DV GLIIHUHQWLDWLRQ RU RWKHU DUWLILFHV +HUH LQ SDUWLFXODU DV VWDWHG LQ WKH
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w        D






ZKHUH [LÖ LV WKHXQLW YHFWRU DORQJ WKH[GLUHFWLRQ DQGGV LV WKH MXVWPHQWLRQHG³LPSXOVH´ IXQFWLRQ








w           

ZKHUHGU LV WKH WKLFNQHVVRI WKH WKLQ OD\HU7KHVHDXWKRUVKDG WRGHYHORS WKLVPHWKRGVLQFH WKHLU
FRPPHUFLDOVRIWZDUH67$5/7FRXOGQRWSURSHUO\WUHDWWKH0DUDQJRQLW\SHERXQGDU\FRQGLWLRQ
0RVW UHFHQWO\ D VLPLODU LPSOHPHQWDWLRQ LV GXH WR <DQR HW DO >@ 9HU\ WKLQ YROXPH HOHPHQWV








ILHOG I YDU\LQJ IURP  WR  D ³GLVWULEXWLRQ´ IXQFWLRQ WKURXJK D UHJLRQ RI WKH OLTXLG ZKRVH













G\Q I            

ZKHUH  QÖ LVREYLRXVO\ WKHXQLWYHFWRU ORFDOO\SHUSHQGLFXODU WR WKH IUHH LQWHUIDFH  \LÖ LQRXUFDVH
$FFRUGLQJO\HTFDQEHUHZULWWHQDV
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VROLGERXQGDU\X oJ\         

IUHHVXUIDFHVWUHVVIUHHFRQGLWLRQo   G\















































$V WKH UHDGHUZLOO HDVLO\ UHDOL]H WKHGLIIHUHQFHEHWZHHQ WKHSUHVHQW VROXWLRQ DQGHT  FDQEH
FRQVLGHUHG QHJOLJLEOHZKHQQ H[FHHGV D JLYHQ WKUHVKROG Q DV DQ H[DPSOH IRUQ  VRPH
GHSDUWXUHFDQEHVWLOOQRWLFHGLQSUR[LPLW\WRWKHWRSZDOODVHYLGHQFHGE\WKHVPDOOFLUFOHLQ)LJD
7KHFRUUHVSRQGLQJDQDO\WLFVROXWLRQVIRUWKHWHPSHUDWXUHSURILOHFDQEHGHWHUPLQHGE\VXEVWLWXWLQJ
J\ LQWRHT DQGFRQVLGHULQJ WKHUHOHYDQWERXQGDU\ FRQGLWLRQV IRU WKH WHPSHUDWXUHQDPHO\
HTV  RU  DFFRUGLQJ WR ZKHWKHU RQH LV LQWHUHVWHG LQ DQ DGLDEDWLF RU FRQGXFWLQJ VXUIDFH








































































































7KH PRVW UHPDUNDEOH DQG LQWXLWLYH FRQVHTXHQFH RI VXFK SORWV LV WKDW HYHQ WKRXJK WKH SURSRVHG




WR ]HUR)URPDQHQJLQHHULQJ RU³SUDFWLFDO´SRLQWRIYLHZ WKLVPHDQV WKDWRQFHD IDPLO\RIQ
GHSHQGHQW VROXWLRQV KDV EHHQ GHWHUPLQHG WKURXJK WKH SURFHVV RI DQDO\WLF LQWHJUDWLRQ LQ RUGHU WR
ILOWHURXW WKH LQGHWHUPLQDWLRQSURGXFHGE\ WKHSURFHVVRI UHSODFLQJDVXUIDFH IRUFHZLWKDYROXPH
IRUFH LWZRXOGEH VXIILFLHQW WRFRQVLGHU WKHYDOXHRIQ IRUZKLFK WKHTXDQWLW\TEHFRPHVVPDOOHU
WKDQDJLYHQWKUHVKROGRUGHVLUHGSUHFLVLRQ
,QRUGHU WR WHVW WKHJHQHUDOHIIHFWLYHQHVVRI WKHRYHUDOO DSSURDFKEDVHGRQ WKHUHSODFHPHQWRI WKH
VXUIDFHIRUFHZLWKDQHTXLYDOHQW³GLOXWH´YROXPHIRUFHVSUHDGRYHUDUHJLRQRIILQLWHWKLFNQHVVVXFK
WKDW LWV LQWHJUDORYHUVXFKD UHJLRQ LVPDWKHPDWLFDOO\HTXDO WR WKHRULJLQDOVXUIDFHIRUFHZHDOVR
SHUIRUPHGVRPHQXPHULFDOVLPXODWLRQVEDVHGRQDFROORFDWHGPHWKRGILQLWHGLIIHUHQFHV
7KRXJKDVVWDWHGLQWKHLQWURGXFWLRQWKHSUREOHPUHODWHGWRWKHVWDELOLW\RI0DUDQJRQLIORZODUJHO\





GLUHFW QXPHULFDO GLVFUHWL]DWLRQ DQG VROXWLRQ RI WKH 1DYLHU6WRNHV HTXDWLRQV LQ WKHLU RULJLQDO QRQ
OLQHDUDQGWLPHGHSHQGHQWIRUPFDQSURYLGHXVHIXOLQIRUPDWLRQ>@










LQVWDELOLWLHV RI WKH 0DUDQJRQL SDUDOOHO IORZ WKDW HPHUJH ZKHQ WKH FKDUDFWHULVWLF QXPEHU 0D
H[FHHGVDJLYHQWKUHVKROG
,QRUGHUWRPLPLFQXPHULFDOO\WKHFRQGLWLRQVFRUUHVSRQGLQJWRDSDUDOOHOIORZZHKDYHFRQVLGHUHG
LQLWLDOO\ WZRGLPHQVLRQDO 0DUDQJRQL FRQYHFWLRQ LQ D VKDOORZ UHFWDQJXODU OD\HU RI VLOLFRQH RLO
3U  ZLWK DVSHFW UDWLR OHQJWKGHSWK $  IRU ZKLFK WKH IORZ RFFXUULQJ LQ WKH ³FRUH´ RI WKH
FDYLW\ LV VXIILFLHQWO\ IDU DZD\ IURP WKH HQG UHJLRQV ZKHUH WKH IOXLG WXUQV DURXQG QRW WR EH
LQIOXHQFHGVLJQLILFDQWO\E\VXFKHGJHHIIHFWV
7KRXJKZH UHFRPPHQG WKH UHDGHU WR FRQVXOW >@ IRUDGGLWLRQDO LQIRUPDWLRQ DERXWRXU DOJRULWKP
DQGLWVUHOLDELOLW\WKHPDLQUHVXOWVRIDYDOLGDWLRQDQGJULGUHILQHPHQWSURFHVVDUHVXPPDUL]HGKHUH











7DEOH ,*ULG5HILQHPHQW 6WXG\$QJXODU IUHTXHQF\RI WKH+\GURWKHUPDO:DYHDV D IXQFWLRQRI
PHVK UHVROXWLRQ 3U  $  0D V7JGPD  0DUDQJRQL HIIHFW LPSOHPHQWHG DV ERXQGDU\FRQGLWLRQ

9DOLGDWLRQKDVEHHQDFKLHYHGWKURXJKFRPSDULVRQZLWKWKHQXPHULFDOUHVXOWVRI;XDQG=HELE>@
IRUSXUH0DUDQJRQL IORZLQD UHFWDQJXODUFDYLW\ZLWK$ 3U DQG0D 8VLQJ WKHVDPH
JULG GHQVLW\ WKDW DFFRUGLQJ WR WKH UHILQHPHQW VWXG\ VKRZQ LQ 7DEOH , JXDUDQWHHV D PHVK






7KHUHVXOWVRIWKHVLPXODWLRQVIRU3U $ DQG0D  UHSRUWHGLQ)LJVDQGLQWHUPVRI
WKHUPRFRXSOHVLJQDOVPHDVXUHGDWDVHOHFWHGSRLQWDQGYHORFLW\ ILHOGV LQ WHUPVRIVWUHDPIXQFWLRQ
PDSV GR FRQILUP WKDW WKH SUREOHP LV VHOIFRQVLVWHQW LH WKH RVFLOODWRU\ VROXWLRQ HPHUJLQJ DV D
UHVXOWRID+RSIELIXUFDWLRQWKH³ILUVW´IORZELIXUFDWLRQLQWKHJHQHUDOKLHUDUFK\RILQVWDELOLWLHVRI
WKLVNLQGRIIORZDQGWKHUHODWHGIUHTXHQF\FRUUHFWO\WHQGZKHQQLQFUHDVHVWRWKRVHREWDLQHGZLWK










YDOXHVRIWKHH[SRQHQWQ1[[1\ [OD\HUZLWKDVSHFWUDWLR$ 3U 0D V7JGPD DGLDEDWLFVXUIDFHFRQGXFWLQJERWWRP

$VVKRZQLQ)LJWKRXJKIRUQtVXFKSKHQRPHQDFDQEHFRUUHFWO\UHSURGXFHGE\WKHQXPHULFDO
VLPXODWLRQ IRUQ  WKHHPHUJLQJ IORZ LV VWHDG\ZLWKD VLQJOHHORQJDWHGFHOO DORQJ WKHKRUL]RQWDO
GLUHFWLRQVLPLODUWRWKDWWKDWLVW\SLFDOO\HVWDEOLVKHGLQVXEFULWLFDOFRQGLWLRQV
0RUHRYHUWKRXJKWKHFRQYHFWLRQDPSOLWXGHREWDLQHGIRUQ )LJFGLIIHUVE\OHVVWKDQZLWK

































DVDIXQFWLRQRI WKHH[SRQHQWQUHVROXWLRQXVHG1[[1\ [ OD\HUZLWKDVSHFWUDWLR$ 







KRZHYHU DV H[SODLQHG EHIRUH WKHQXPHULFDO VLPXODWLRQVKDYHEHHQFRQGXFWHGZLWK D FROORFDWHG
PHWKRGZKLFKPDNHVWKHDOJRULWKPQRWFRQVHUYDWLYHLQDµGLVFUHWH¶VHQVHDVDUHVXOWHJWKHIORZ











Q  LW UDLVHV XQWLO LW DWWDLQV DPD[LPXP IRU Q  DQG WKHQ LWV PDJQLWXGH GHFUHDVHV DJDLQ LI Q LV
IXUWKHU LQFUHDVHG EHFDXVHZKHQVXFKD WKUHVKROG LVH[FHHGHGVXEJULGVFDOHVEHLQJUHODWHG WR WKH
VWHHSYDULDWLRQVRIIFDQQRORQJHUEHWUDQVIHUUHGWRWKHFROORFDWHGJULG
6XFKREVHUYDWLRQVOHDGWRWKHLPSRUWDQWFRQFOXVLRQWKDWIRUDJLYHQPHVKLQJHQHUDODQ³RSWLPDO´
YDOXH RI WKH H[SRQHQW Q FDQ EH LGHQWLILHG SURYLGLQJ WKH EHVW DJUHHPHQW EHWZHHQ WKH VROXWLRQV
REWDLQHGZLWKWKH0DUDQJRQLHIIHFWPRGHOHGDVDVXUIDFHRUYROXPHIRUFHUHVSHFWLYHO\
)RUWKHFRQVLGHUHGJULG1[[1\ [VXFKDQH[SRQHQWLVQ#DVZLWQHVVHGE\WKHSHUFHQWDJH
GLIIHUHQFHV EHWZHHQ WKH YDOXHV RI Z DQG \PD[ DQG WKH FRUUHVSRQGLQJ YDOXHV REWDLQHG ZLWK WKH
VWDQGDUGERXQGDU\FRQGLWLRQZKLFKGURSEHORZIRUVXFKDVSHFLILFYDOXHRIQ
5HPDUNDEO\WKHDERYHFRQVLGHUDWLRQVLPSO\WKDWZLWKWKHSUHVHQWDSSURDFKDQDGGLWLRQDOUHTXLVLWH
RI QXPHULFDO QDWXUH PXVW EH VDWLVILHGZLWK UHVSHFW WR WKH VLWXDWLRQ LQZKLFK WKH GHWHUPLQDWLRQ RI












RI SRLQWV LQ WKH YHUWLFDO GLUHFWLRQ KDV WR EH LQFUHDVHG DFFRUGLQJO\ WKLV EHLQJ HTXLYDOHQW WR D







LGHQWLILFDWLRQRID FRPSURPLVHEHWZHHQ WKH WZRRSSRVLWHQHHGV WRSXW WKH FRGH LQ D FRQGLWLRQ WR
FDSWXUHTXDOLWDWLYHO\DQGTXDQWLWDWLYHO\ZLWKDQDFFHSWDEOHDSSUR[LPDWLRQWKHG\QDPLFVRILQWHUHVW
DQGQRWLQFUHDVHH[FHVVLYHO\WKHUHODWHGFRPSXWDWLRQDOFRVW
$V WKH UHDGHU PLJKW KDYH UHDOL]HG DW WKLV VWDJH NHHSLQJ LQ PLQG WKH DERYH FRQVLGHUDWLRQV DQG
JHQHUDO FULWHULD WKHVH VDPSOH UHVXOWVPLJKWEH VHHQ DV WKH UHTXLUHGEDVLV WR H[SORLW WKH VXJJHVWHG
DSSURDFK WR PRGHO VXUIDFHWHQVLRQ HIIHFWV LQ H[LVWLQJ FRPPHUFLDO RU RSHQVRXUFH &)' FRGHV IRU
ZKLFK D PDMRU VKRUWFRPLQJ LV UHSUHVHQWHG E\ WKH LQDELOLW\ RI WKH VRIWZDUH WR DFFHSW QRQ
KRPRJHQHRXV1HXPDQQFRQGLWLRQVIRUWKHYHORFLW\
$V DQ DGGLWLRQDO H[DPSOH WKHDELOLW\ RI WKHSUHVHQW IUDPHZRUN WR UHSURGXFH W\SLFDO G\QDPLFVRI
VXUIDFHWHQVLRQ GULYHQ IORZV HYHQ LQ FLUFXPVWDQFHV IRU ZKLFK WKH WHPSHUDWXUH JUDGLHQW LV










)LJ  7KUHHGLPHQVLRQDO LVRVXUIDFHVRI WHPSHUDWXUH DQGYHORFLW\ ILHOG YHFWRUSORW DW WKH IUHH
OLTXLGJDV LQWHUIDFH IRU 0DUDQJRQL%pQDUG FRQYHFWLRQ LQ D OD\HU RI VLOLFRQH RLO RI  F6W 3U 
FRYHUHG E\ DQ HTXDO OD\HU RI DLU KDYLQJ QRQGLPHQVLRQDO GHSWK /]  DQG KRUL]RQWDO GLPHQVLRQV





RI WKLV NLQG RI FRQYHFWLRQ LQ UHODWLYHO\ VKDOORZ OD\HUV RI IOXLGV IRU QRW WRR KLJK YDOXHV RI WKH
0DUDQJRQLQXPEHU
7KH LVRVXUIDFHV RI WHPSHUDWXUH LQ )LJ  SURYLGH VRPH DGGLWLRQDO LQVLJKWV LQWR WKH FRXSOLQJ
EHWZHHQWKHYHORFLW\DQGWHPSHUDWXUHILHOGVVKRZLQJWKDWDVH[SHFWHGDULVLQJFXUUHQWRIKRWIOXLG

















WKH LQWHUIDFHDQG WKHHTXLYDOHQW IRUPXODWLRQ LQ WHUPVRIYROXPH IRUFH UHVSHFWLYHO\ LQGLFDWHV WKDW
WKH ODWWHU DSSURDFK FDQ FDSWXUH ERWK TXDQWLWDWLYHO\ DQG TXDOLWDWLYHO\ WKH W\SLFDO IHDWXUHV RI
0DUDQJRQL%pQDUGFRQYHFWLRQ,QGHHGDSDUWIURPVRPHPLQRUTXDOLWDWLYHGLIIHUHQFHVEHWZHHQWKH
WZRSDWWHUQV HVVHQWLDOO\GXHWR WKHLQWULQVLFDOO\³UDQGRPQDWXUH´RI WKH LQILQLWHVLPDOGLVWXUEDQFHV
OHDGLQJ WR WKH RQVHW RI FRQYHFWLRQ VWDUWLQJ IURP SXUHO\ TXLHVFHQW FRQGLWLRQV WKH WZR VROXWLRQV








7KH DGYDQWDJHV UHVXOWLQJ IURP WKH DSSURDFK SURSRVHG KHUH ZRXOG EH UHOHYDQW WR DOO WKRVH





GRPDLQ  FRUUHVSRQGLQJ WR WKH ORFDWLRQ RI WKH LQWHUIDFH DQG  LGHDOO\ WHQGLQJ WR DQ LPSXOVH
IXQFWLRQLQWKHOLPLWDVWKHH[SRQHQWEHFRPHVLQILQLWH
(YHQLIWKHIRUPDOLVPGHYHORSHGLQWKHSUHVHQWSDSHUKDVEHHQPDLQO\EDVHGRQWKHDVVXPSWLRQRI
SDUDOOHO IORZV WKH UHVXOWLQJ LGHDV KRZHYHU DUH QRW UHVWULFWHG WR VXFK D VSHFLILF FDVH DV
GHPRQVWUDWHG E\ WKH H[DPSOHV UHODWHG WR WKH FDVH RI WKUHHGLPHQVLRQDO 0DUDQJRQL%pQDUG
FRQYHFWLRQ ,W LV OLNHO\ WKDW WKH LQWULQVLF IOH[LELOLW\ RI WKH UHVXOWLQJ IUDPHZRUN ZLOO DOORZ WKLV
UHVHDUFKWREUDQFKRXWDQGPRGHORUVLPXODWHDZKROHDUUD\RIGLIIHUHQWG\QDPLFV$VPHQWLRQHGLQ
WKH LQWURGXFWLRQ WKLV FRXOG LQGHHGEH WKHFDVHRI IXWXUHDWWHPSWVGLUHFWHG WR WKHGHWHUPLQDWLRQRI
DQDO\WLFVROXWLRQIRUWKHFDVHRIQRQ1HZWRQLDQIOXLGV0RUHRYHUE\UHPRYLQJWKHERWWOHQHFNWKDW
WKH VKHDU VWUHVV EDODQFH DW WKH LQWHUIDFH UHSUHVHQWV WKH SUHVHQW UHVHDUFK PLJKW DOVR VXSSRUW WKH
XWLOL]DWLRQRIH[LVWLQJQXPHULFDOWRROVZKHUHWKHSRVVLELOLW\WRLPSRVHQRQKRPRJHQHRXV1HXPDQQ













0RVW RI WKHVH WKHRUHWLFDO VWXGLHV KDYH EHHQ GLUHFWHG WR WKH FDVH LQ ZKLFK WKH GULYLQJ IRUFH LV D
YROXPH IRUFH DV LPSOLFLW LQ WKHSUREOHPVWDWHPHQWSHU VH)RU WKHFDVHRIEXR\DQF\ IORZDVDQ
H[DPSOHWKHLQWHUHVWHGUHDGHUPD\FRQVLGHU>@








VWLPXODWH LQYHVWLJDWRUV RSHUDWLQJ LQ WKH DERYH ILHOG WR FRQVLGHU WKH SRVVLELOLW\ WR UHIRUPXODWH WKH
JHQHUDOH[LVWHQFHDQGXQLTXHQHVVSUREOHPIRU0DUDQJRQLIORZVROXWLRQVUHJDUGOHVVRIWKHVROXWLRQ
UHSUHVHQWDWLRQ DSSURDFK XVHG EH LW DQDO\WLFDO RU QXPHULFDO LQ WKH VDPH WKHRUHWLFDO IUDPHZRUN
DOUHDG\GHYHORSHGLQWKHSDVWIRUWKHFDVHRIEXR\DQF\IORZLQZKLFKWKHGULYLQJIRUFHLVWUHDWHGDV
DFDQRQLFDO³YROXPHIRUFH´
7KRXJK WKH SULFH IRU WKH SURFHVV RI UHSODFLQJ D VXUIDFH IRUFH ZLWK D YROXPH IRUFH QDPHO\ D
ERXQGDU\FRQGLWLRQZLWKDVRXUFHWHUPLQWKHPRPHQWXPHTXDWLRQLVWKHHPHUJHQFHRIDQHYLGHQW
LQGHWHUPLQDWLRQ DV ZLWQHVVHG E\ WKH PXOWLWXGH RI DQDO\WLF VROXWLRQV VDWLVI\LQJ WKH JRYHUQLQJ
HTXDWLRQVZKHQQLVYDULHGLQWKHUDQJHQfRUWKHQHHGWRDWWDLQDVDWLVIDFWRU\EDODQFHEHWZHHQ
WKHSRO\QRPLDOGHJUHHRIWKHGLVWULEXWLRQIXQFWLRQDQGWKHPHVKVSDFHUHVROXWLRQZKHQWKHSUREOHP
LV DSSURDFKHG QXPHULFDOO\ LW FRXOG EH DUJXHG WKDW WKH XQLTXHQHVV RI WKH FRQVLGHUHG VROXWLRQ
ZRXOGFRXOGEHUHFRYHUHGLQWKHOLPLWDVQofRULQDQHTXLYDOHQWZD\WKHWKLFNQHVVRIWKHUHJLRQ





WKH FDVH RI QRQ1HZWRQLDQ YLVFRHODVWLF IOXLGV IRU WKH GHWHUPLQDWLRQ RI ERWK QHZ DQDO\WLF DQG
QXPHULFDO VROXWLRQV %\ WXUQLQJ WKH 0DUDQJRQL VWUHVV LQWR D IRUFH YROXPH ERWK YLVFRHODVWLF DQG
0DUDQJRQLIRUFHVUHGXFHWRVRXUFHWHUPVWREHDGGHGWRWKHPRPHQWXPHTXDWLRQZLWKWKHHQVXLQJ











>@/L.0DWVXPRWR6 ,PDLVKL1+X:5 0DUDQJRQL IORZ LQ IORDWLQJKDOI]RQHRI
PROWHQWLQ,QWHUQDWLRQDO-RXUQDORI+HDWDQG0DVV7UDQVIHU
>@ ;XQ % /L . +X :5 ,PDLVKL 1  (IIHFW RI LQWHUIDFLDO KHDW H[FKDQJH RQ










>@%LULNK59  7KHUPRFDSLOODU\ FRQYHFWLRQ LQ DKRUL]RQWDO IOXLG OD\HU-$SSO0HFK
7HFK3K\VSS
>@%LULNK59  ³9LEUDWLRQDO FRQYHFWLRQ LQ DSODQH OD\HUZLWK D ORQJLWXGLQDO WHPSHUDWXUH




>@ %HOJKD]L + (O *DQDRXL 0 /DEEH -&  ³$QDO\WLFDO VROXWLRQ RI XQVWHDG\ KHDW



















>@ 0XQGUDQH 0 DQG =HELE $  7ZR DQG WKUHH GLPHQVLRQDO EXR\DQW WKHUPRFDSLOODU\
FRQYHFWLRQ3K\V)OXLGV$SS









>@ 'HOJDGR%XVFDOLRQL 5 DQG &UHVSR GHO $UFR (  ³)ORZ DQG KHDW WUDQVIHU UHJLPHV LQ
LQFOLQHGGLIIHUHQWLDOO\KHDWHGFDYLWLHV´,QW-+HDW0DVV7UDQVIHUSS




>@ 6DJKLU 0 = 0DNUL\DQQLV 7 - DQG /DEULH '  ³%XR\DQF\ &RQYHFWLRQ 'XULQJ WKH
*URZWKRI6L[*Hí[E\WKH7UDYHOLQJ6ROYHQW0HWKRG760´$60(-)OXLGV(QJSS








>@ /DSSD 0  6HFRQGDU\ DQG RVFLOODWRU\ JUDYLWDWLRQDO LQVWDELOLWLHV LQ FDQRQLFDO WKUHH
GLPHQVLRQDO PRGHOV RI FU\VWDO JURZWK IURP WKH PHOW 3DUW /DWHUDO KHDWLQJ DQG WKH +DGOH\
FLUFXODWLRQ&RPSWHV5HQGXV0pFDQLTXH






LQ WKH DYDLODEOH FURVVVHFWLRQ ,QW - 1XP 0HWK +HDW )OXLG )ORZ '2, +))


















>@/DXUH3DQG5RX[%  /LQHDUDQGQRQ OLQHDUVWXG\RI WKH+DGOH\ FLUFXODWLRQ LQ WKH
FDVHRILQILQLWHFDYLW\-&U\VW*URZWKSS











DQG DPELHQW DLU WHPSHUDWXUH RQ LQWHUIDFLDO KHDW WUDQVIHU LQ OLTXLG EULGJHV RI KLJK 3UDQGWO QXPEHU
IOXLG-&U\VW*URZWK
















>@ /DG\]KHQVND\D 2$  7KH 0DWKHPDWLFDO 7KHRU\ RI 9LVFRXV ,QFRPSUHVVLEOH )ORZ
*RUGRQDQG%UHDFKQG(GLWLRQ1HZ<RUN/RQGRQ
>@/DSSD0 2Q WKHRQVHWRIPXOWLZDYHSDWWHUQV LQ ODWHUDOO\KHDWHG IORDWLQJ]RQHV IRU
VOLJKWO\VXSHUFULWLFDOFRQGLWLRQV3K\VLFVRI)OXLGVSDJHV




>@ 7HPDP 5 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